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Positive Strongly Decreasing Solutions of Emden-Fowler Type
Second-Order Difference Equations with
Regularly Varying Coefficients

Aleksandra B. Kapesié?, Jelena V. Manojlovié?

*University of Nis, Faculty of Science and Mathematics, Department of Mathematics, Visegradska 33, 18000 Nis, Serbia

Abstract. Positive decreasing solutions of the nonlinear difference equation
A(pnIAxnla_len) = Qn|xn+1|ﬁ_1xn+1/ nz 1/ a > ,3 > O/

are studied under the assumption that p, 4 are regularly varying sequences. Necessary and sufficient
conditions are established for the existence of regularly varying strongly decreasing solutions and it is
shown that the asymptotic behavior of all such solutions is governed by a unique formula.

1. Introduction
Consider the nonlinear difference equation of second order
(E) ApalAxal* ™ Axn) = Gultnad P o001, m 21,

where o and f are positive constants such that a > , p = {p.}, 4 = {g.} are positive real sequences and A
is forward difference operator defined as Ax, = x,4+1 — x,,. In our case, when a > §, equation (E) is said to
be sub-half-linear, while otherwise, for & =  or @ < f equation (E) is called half-linear or super-half-linear,
respectively.

By a solution of (E) we mean a not trivial real sequence x = {x,} satisfying (E). A solution x of the
equation (E) is called oscillatory if for every M € IN there exist m,n € IN, M < m < n such that x,x, <0,
otherwise, it is called nonoscillatory. In other words, a solution x is called nonoscillatory if it is eventually
positive or eventually negative. It is known that every solution of (E) is nonoscillatory. If x = {x,} is a
solution of (E), then clearly —x = {—x,]} is also a solution. Thus, in studying nonoscillatory solutions of (E),
for the sake of simplicity, we restrict ourself to solutions which are eventually positive. Any such solution
{x,} is eventually strongly monotone and belongs to one of the two classes listed below (see [6, Lemma 1]):

M+
M-

{x solutionof (E)|dny =1 : x, >0, Ax, >0, forn > ng},
{x solution of (E)|x, >0, Ax, <0, forn>1}.
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It is well-known that the differential equation

(pOW* ) = g x, a,p>0, (L.1)

where p, g are continuous positive functions on [4, ), may have a nontrivial solution x, with the property
that there exists T, < oo, such that x(t) = 0 on [T, ). Such a solution is said to be extinct singular solution
or singular solution of the first kind. On the contrary, such solutions of difference equation (E) do not exists.
One more difference between differential and difference equations is that for the differential equation (1.1)
classes M* and IM™~ can be empty, while for the difference equation (E), this case cannot occur (see [6] and [1,
Section 5.3]). The asymptotic behaviour of nonoscillatory solutions for nonlinear second-order difference
equations has been studied in many papers, see, e.g. [2, 3], [6]-[12], [27], [38], the monograph [1] and
references therein.

For any solution x of (E) denote by Kl = {x,[}]} its quasi-difference xE] = pnIAxV,l“‘len. Thus, under our
assumptions, the classes M* and IM™ can be a-priori divided into the following subclasses:

M., = {xeM": lilgnxn:oo, lilgnxi,ﬂ =},

M, = fxeM": lim x,, = co, lignx,[}]zl,0<l<oo},

M, = {xeM" :limx, =k 0<k<oo, 1i£nx£}1=oo},

M, = [xeM':limx, =k 0<k<oco, limxl=10<I<co},
M;; = [xeM :limx, =k 0<k<oo, limx' =], 0</<co},
M, = [xeM :limx, =0, 1i£nx,[}1=—l, 0 <1< oo}

M, = fxeM : lirrlnxnzk, 0<k< oo, liznx,[}]:O},

&
|

fxeM :limx, =0, limx,[}] =0}.

A solution x € MY, , is said to be strongly increasing and a solution x € M , is said to be strongly decreasing or
strongly decaying. For solutions which tends to some constant we use My = M) UM, , M{ = M UM,
and for decreasing solutions which tends to zero we use Mj = M;, UM .

Let .
s:Z%.

n=1 Pn

Depending on whether S = oo or § < co some of the above classes may be empty.
(i) If S = oo then
M" =M UM, and M™ =M, UMy, ie M;=0, Mj UM, =0.
(ii) If S < oo then
M"=M UM and M =M, UM, ie M, =0.

In this paper, we consider only positive decreasing solutions, i.e. solutions in IM~. Concerning the

existence of solutions in the classes M and M, the following holds.

Theorem 1.1. (i) Equation (E) has solutions in My if and only if

IZi(plniqua<oo

n=1 k=n
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(i) Equation (E) has solutions in M, if and only if

o0 © B
]:an{zm] < oo0.

n=1 k=n pk+1

The assertion (i) follows from [6, Theorem 2 and Theorem 5-(a)], while the assertion (ii) follows from [8,
Theorem 2.2 and Theorem 3.1] and [27, Theorem 9].

As regards to the existence of strongly decreasing solutions, it is an open problem. The existence of
strongly decreasing solutions in the continuous case, that is for the differential equation (1.1), can be proved
as in [37] with the help of fixed point theory by proving that the operator

(Fx)(t) = ft (I% f q(r)x(r)ﬁdr)ads

has a nonzero fixed point. To this end the operator ¥ acts on the set
Q = {x € C[ty, 00] : z(t) < x(t) < z(to), t = to},

where z is a singular solution of the first kind of (1.1). The second approach, due to [34], is to construct the
sequence {x,} of asymptotically constant solutions of differential equation (1.1), having the limit function x,
and it gives rise to a positive strongly decreasing solution of (1.1). This approach, however, requires lower
bound for such a sequence of solutions, which is again given by a singular solution of the first kind of (1.1).
Clearly, due to the nonexistence of singular solutions in the discrete case, neither of these two approaches
work.

The recent development of asymptotic analysis of ordinary differential equations by means of regularly
varying functions (see [17]-[19],[23]-[26], [29], [33]-[35] and monograph [28] for results up to 2000.), suggests
to investigate the discrete problem of the existence of strongly decreasing solutions in the framework of
regularly varying sequences. The aim of this paper is twofold. We will determine conditions for the
existence of strongly decreasing solutions and give an explicit asymptotic formula for those solutions.

The theory of regularly varying sequences, sometimes called Karamata sequences, was initiated in 1930
by Karamata [22] and further developed in the seventies by Galambos, Seneta and Bojani¢ in [5, 16] and
recently in [14, 15]. However, until the papers of Matucci and Rehak [30, 31], the relation between regularly
varying sequences and difference equations has never been discussed. In these two papers, as well as
in succeeding papers [32, 36], the theory of regularly varying sequences has been further developed and
applied in the asymptotic analysis of second-order linear and half-linear difference equations, providing
necessary and sufficient conditions for the existence of regularly varying solutions of these equations.
Afterward, further development of discrete regularly varying theory and application to second-order
nonlinear difference equations of Emden-Fowler type was done by Agarwal and Manojlovi¢ in [3], Kapesi¢
and Manojlovi¢ in [21] and Kapesi¢ in [20]. Actually, in [21], Kapes$i¢ and Manojlovi¢ gave necessary and
sufficient conditions for the existence of strongly increasing regularly varying solutions of (E) and obtained
a precise asymptotic representation of such solutions. Thus, the purpose of this paper is to proceed further
in this direction and to establish results which can be considered as a discrete analog of results in the
continuous case (see e.g.[17, 25, 29]).

Throughout this paper, symbol ~ is used to denote the asymptotic equivalence of two positive sequences,
ie.

. Yn
Xy~ Yn, N —> 00 & lim—=1.
n—oo0 xn

Our main tools are, besides the theory of regularly varying sequences presented in Section 2, the fixed
point technique and Stolz-Cezaro theorem. Thus, we recall two variants of Stolz-Cezaro theorem as well
as Knaster-Tarski fixed point theorem [1, Theorem 5.2.1].
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Lemma 1.2. If f = {f,} is a strictly increasing sequence of positive real numbers, such that lim,_, f, = oo, then for
any sequence g = {g,} of positive real numbers one has the inequalities:

Afy

lim inf < liminf f < limsup Jn <limsup .
n—00 Agn n—eo gy n—oo  Yn n—00 In

Jun

In particular, if the sequence {Af,/Agy} has a limit, then

A
lim 2 = lim fo .
n—co g, n—oo Agn

(1.2)

Lemma 1.3. Let f = {f,}, g = {gu} be sequences of positive real numbers, such that
(i) imy o0 fu = limy—e0 g = 0;
(ii) the sequence g is strictly monotone;
(iii) the sequence {Af,/Agy,} has a limit.

Then, a sequence {f,,/gn} is convergent and (1.2) holds.

Lemma 1.4. (KNASTER-TARSKI FIXED POINT THEOREM) Let X be a partially ordered Banach space with ordering < .
Let M be a subset of X with the following properties: The infimum of M belongs to M and every nonempty subset of
M has a supremum which belongs to M. Let ¥ : M — M be an increasing mapping, i.e. x > y implies Fx > Fy.
Then F has a fixed point in M.

2. Regularly Varying Sequences

We state here definitions and some basic properties of regularly varying sequences which will be essential
in establishing our main results on the asymptotic behavior of nonoscillatory solutions stated and proved
in the next section. For a comprehensive treatise on regular variation, the reader is referred to Bingham et
al. [4].

Two main approaches are known in the basic theory of regularly varying sequences: the approach due
to Karamata [22], based on a definition that can be understood as a direct discrete counterpart of elegant
and straightforward continuous definition (see Definition 2.2), and the approach due to Galambos and
Seneta, based on purely sequential definition.

Definition 2.1. (Karamara [22]) A positive sequence y = {yx}, k € N is said to be regularly varying of index
p € Rif

lim 248~ 40 for VA0,
k—oo  Yg

where [u] denotes the integer part of u.

Definition 2.2. A measurable function f : (a,00) — (0, o) for some a > 0 is said to be reqularly varying at
infinity of index p € R if
At
tlim fAh =AP forall A >0.

f)

Definition 2.3. (GaLamBos AND SENETA [16]) A positive sequence y = {y},k € N is said to be regularly
varying of index p € R if there exists a positive sequence {ay} satisfying

limﬂ:C,0<C<oo limkAak_l=p
k—oo O k—oco0 [2573

If p = 0, then y is said to be slowly varying.
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The totality of regularly varying sequences of index p and slowly varying sequences will be denoted,
respectively, by RV(p) and SV.

Bojani¢ and Seneta have shown in [5] that Definition 2.1 and Definition 2.3 are equivalent.

The concept of normalized regularly varying sequences was introduced by Matucci and Rehak in [30]:

Definition 2.4. A positive sequence v = {yi}, k € IN is said to be normalized reqularly varying of index p € R if
it satisfies

lim —— =

k—oo Vi
If p = 0, then y is called a normalized slowly varying sequence.

In what follows, NRV(p) and NSV will be used to denote the set of all normalized regularly varying
sequences of index p and the set of all normalized slowly varying sequences. Typical examples are:

{logk} € NSV, {kPlogk} € NRV(p), {1+ (~1)/k} e SV\NSV.

There exist various necessary and sufficient conditions for a sequence of positive numbers to be regularly
varying (see [5, 16, 30, 31]), and consequently, each one of them could be used to define a regularly varying
sequence. The one that is the most important is the following Representation theorem (see [5, Theorem 3]),
while some other representation formula for regularly varying sequences were established in [31, Lemma
1].

Theorem 2.5. (REPRESENTATION THEOREM) A positive sequence {yx}, k € IN is said to be regularly varying of index
p € Rif and only if there exist sequences {c} and {0} such that

]}im ¢k =¢p €(0,00) and I}im o =0,

and

k
0;
Yk = c kP exp [Z 7] .

i=1

In [5] very useful embedding theorem was proved, which gives the possibility of using the continuous
theory in developing a theory of regularly varying sequences. However, as noticed in [5], such development
is not generally close and sometimes far from a simple imitation of arguments for regularly varying
functions.

Theorem 2.6. (EMBEDDING THEOREM) If y = {y,} is a reqularly varying sequence of index p € R, then function
Y (t) defined on [0, 00) by Y(t) = yyq is a regularly varying function of index p. Conversely, if Y(t) is a reqularly
varying function on [0, c0) of index p, then a sequence {yx}, yi = Y(k), k € IN is reqularly varying of index p.

Next, we state some important properties of RV sequences, useful for the development of asymptotic
behavior of solutions of (E) in the subsequent section (for more properties and proofs see [5, 30]).

Theorem 2.7. (i) y € RV(p) if and only if y, = kP I, where | = {I;} € SV.

(ii) Let x € RV(p1) and y € RV (p2). Then, xy € RV(p1 + p2), x +y € RV(p), p = max{pi, p2} and
1/x € RV(-p1).

Yi+1

(iit) If y € RV(p), then limy_,c e =1.
k

(iv) If le SVand Iy ~ Ly, k — co, then L € SV.

(v) If y € RV(p), then {n~°y,} is eventually increasing for each ¢ < p and {n~*y,} is eventually decreasing for
each | > p.



A. B. Kapesié, ]. V. Manojlovié / Filomat 33:9 (2019), 2751-2770 2756
(vi) Let 1 € SV. Then, limy, . 1P I, = 0if p < 0 and lim,_,e n° I, = 00 if p > 0.

In view of the statement (i) of the previous theorem, if for y € RV(p)

lim Ye = lim [, = const > 0,

k—co kP k—o0

then y = {y,} is said to be a trivial reqularly varying sequence of index p and is denoted by y € tr — RV(p).
Otherwise v is said to be a nontrivial reqularly varying sequence of index p, denoted by y € ntr — RV(p).

Next theorem can be found in [3] for normalized regularly varying sequences, but it apparently holds
for all regularly varying sequences.

Theorem 2.8. If f = {f,} € RV is a strictly decreasing sequence, such that lim,_,« f, = 0, then for each y € R

lim f, Zf)’ (-af) =

1
%

If g = {gn} € RV is a strictly increasing sequence such that lim, . g, = oo, then
n-1 1
lim g," Y ¢/ 'Agy = —
n—oo kZ k 7/

The following theorem can be seen as the discrete analog of the Karamata’s integration theorem and plays a
central role in the proof of our main results in Section 3. The proof of this theorem can be found in [5], [21]
and [36].

Theorem 2.9. Letl = {I,} € SYV.

: 1 N 1
() If a>-1, then hmnTlanklk:1+

n—oo

(i) If a<-1, then lim —— 1l Zk“ =

n—oo it

N Iy Iy o1 = I o
(i) If k; T < oo, then kzn T eSSV and ’}1_%10 E kzzn i oo;
. . lk . 1 - lk _

(iv) If kz_ i =oco, then E eSSV and ;}13)10 I 2 = 00.

Remark 2.10. In view of Theorem 2.7-(iii) and Theorem 2.9-(i), it is easy to see, that for | € SV, if a > -1,

then we have
n—1

(Tl _ 1)a+1ln_1 notl ln n
a ~ ~ ~ a
k1 o o E:klk, n — oo.

k=1
3. Main results
In this section we assume that p € RV(1)), ¢ € RV(0) and use expressions
Pn = nnén In = nawm &= {571}/ w = {wn} € S(V/ (31)
considering strongly decreasing RV—solutions expressed as

Xy =1l 1={l,} € SV. (3.2)
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Moreover, we assume that 1 # a and distinguish two mutually exclusive cases:

(i) n < a implying that S = c0; and (ii) n > a implying that S < co.
Cask (i): It is clear that for any strongly decreasing solution of (E) it holds that x,, < c, for large n. Thus, we
have that the index of regularity p of strongly decreasing RV —solution x must satisfy p < 0. If p = 0 then
l, = x, = 0, so x is a member of ntr — SV.
Cask (ii): Using (3.1) and Theorem 2.9 we have

o) 00

1 _n -1 @ em -1 n
M=) o = LK e = e, e, (33)
k:npk k=n Pn

so that {rt,} € RV (ﬂ) For any strongly decreasing solution x of (E), by application of Lemma 1.3, we have

(04
that

.X . Ax . 1
lim = = lim —% = lim (x,[")7 =0,
n—oo Ti, n—oo __1_ n—oo

pn@

implying that the index of regularity p of strongly decreasing solutions must satisfy p < =1.

If n < a, the totality of strongly decreasing RV —solutions will be divided into the following two classes
ntr =8V or RV(p) with p <0,

while, if 7 > a, the totality of strongly decreasing RV—solutions of (E) will be divided into the following

two subclasses:

a-n
a

) or RV(p) with p<a;n.

R (

Our purpose is to show that all solutions in each of this four subclasses of strongly decreasing RV —solutions
of (E) enjoy one and the same asymptotic behavior as n — oo, whereby the regularity index of such a solution
is uniquely determined by «, f and the regularity indices 1, o of coefficients p, . Moreover, necessary and
sufficient conditions for the existence of solutions belonging to these four subclasses of strongly decreasing
RV -solutions will be established.

3.1. Existence of strongly decreasing solutions

Conditions for the existence of a strongly decreasing solution of differential equation (1.1) is given by
the following theorem:

Theorem 3.1. (i) Let fﬂm p(t)’zl- dt =00, a>0.1If

fam(;% ftm’J(S)dS)}'dm 00,

then equation (1.1) has a strongly decreasing solution.

(ii) Let [ p(t)~= dt < oo, a > 0.If
00 00 ﬁ
ds
dt < o0,
fa 10 [I p(s)i) P

then equation (1.1) has a strongly decreasing solution.
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The proof of the previous theorem can be found in [13, 34] for (i) and in [37] for (ii). It is expected that for
the discrete version of Theorem 3.1, the existence of strongly decreasing solution is characterized by the
assumption I < co if S = co and by the assumption | < co if S < co. In fact, we prove

Theorem 3.2. Suppose that p € RV(n) and g € RV (o).
(i) Let n < a. If I < oo, then Mg, # 0.
(ii) Let n > a. If ] < oo, then Mg, # 0.

First of all, let’s notice that if 1 < @, then 0 < —1 is a necessary condition for I < co. Then, using discrete
Karamata theorem, (3.1) and (3.3), we have

0o

1 a 1 ko+1—nwk)zlz
— o~ , k— .
[Pk )3 q]] (~(o +1))* ( &k

=

On the other hand, if 7 > a application of discrete Karamata theorem gives

B
o B
1 o _B, Wk
Ay = ~ R B/ S SN
1 [Z pl/a] (ﬂ—a) £

=k Fj

Consequently,

(i) for n < a, I < oo if and only if

o<n-a-1 (3.4)
or
c=n—-a-1 and k! (%)X < 00; 3.5
n kZ; 3 (3.5)
(ii) for n > a, ] < oo if and only if
o<%7—ﬁ—1 (3.6)
or
_577 . -1 Wk
o—;—ﬁ—l and ;k W<oo. (3.7)
= k

Taking into account the previous consideration, Theorem 3.2 will be proved by considering the above four
cases.

Theorem 3.3. Suppose that p € RV(n) and q € RV (o).
(i) Let ) < a. If (3.4) holds, then equation (E) possesses a solution x € IM .
(ii) Let n > a. If (3.6) holds, then equation (E) possesses a solution x € M .

Proor. Suppose either 1 < @ and (3.4) holds or 7 > a and (3.6) holds. Denote

+1,,-1 L
n Py qn ]ﬁ

X, = a
[(—p) (a=1n-pa)

n>1, 3.8)

and A = (—p)* (@ — 1 — pa), where p is given by

_ot+a+l-q

2 (3.9)

p
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Clearly, X = {X,;} € RV(p) and it may be expressed in the form

h= A aﬁnp(“)")’*ﬁ . (3.10)
En
Notice that (3.4) and (3.9) imply that p < 0, while (3.6) and (3.9) imply that p < %, so that by Theorem
2.7-(v),(vi), X, = 0 as n — oo and {X,,} is eventually decreasing, in both cases (i) and (i7).

Let us first prove that the sequence X satisfies the asymptotic relation

~ Xy, n — oo. (3.11)

Using (3.1), by application of Theorem 2.9-(ii) and Theorem 2.7-(iii), we get

B k) B a i ks B a
E ~ = E otppr af B _ 1753 a(p-1)+n-1¢"ap a-p
Qk k+1 A K ék CL)k A k ék a)k
k=n k=n

ﬁ a
alp-1)+ng ap  ap
PR En @ , N> o, (3.12)
—(alp=1)+n)
Notice that a(p — 1) + n < 0 in both cases (i) and (if). From (3.12), applying Theorem 2.9-(ii), we obtain the
desired asymptotic relation for X:

1
a

i

k= pk ]:k
*ﬁ 0™
- AT (a1 - p) -yt o
-p
B 1 1
= A_'X(T*MA anpén/ nﬁ:an n — oo,
Thus, there exists 119 > 1 such that
1
o 1 o) ’3 a
Xu+1 < X, and X < Z [Pk quXjH <2X,, forn=>ng. (3.13)

Let such ng be fixed. We choose constants x € (0,1) and K > 1 such that

K1

Q\:u
I/\

i
a

and K7« >2. (3.14)

2

Consider the space Y, of all real sequences x = {x,};_,,, such that x,,/X;, is bounded for n > ng. Then, Y}, is
a Banach space, endowed with the norm

[IxIl = sup
nznop X

Further, Y, is partially ordered, with the usual pointwise ordering <: for x,y € Y,,), x < y means x, < y,
for all n > ng. Define the subset X C Y, by

X={xeY, kX, <x, <KX, nzng} (3.15)
For any subset B C X, it is obvious that inf B € X and sup B € X. Next, define the operator ¥ : X — Y,,, by

1

(Tx)n = Z [Plk quxf+1] , N >=Hy, (3.16)
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and show that ¥ has a fixed point by using Lemma 1.4. Namely, the operator # has the following properties:
(i) Operator ¥ maps X into itself: Let x € X. Using (3.13), (3.14), (3.15) and (3.16), we get

(F 2 < Kg i [p 2 q;X ]+1

k=n j=k

1

< ZKwX <KX,, n=np.

and

,Xn
(Tx)nZKXZ[ Zq] ]+1] > Ka > >xX, n=ng.

n

This shows that (Fx),, € X, for all n > ny, that is, ¥ (X) c X.
(ii) Operator F is increasing, i.e. for any x, y € X, x < y implies Fx < Fy.

Thus all the hypotheses of Lemma 1.4 are fulfilled implying the existence of a fixed point x € X of 7,
satisfying

1
(o] 1 o0 @
- Z [p_k Zq]x]ﬂ] . n>mnp. (3.17)

j=k

Itis clear in view of (3.15) and the fact that X,, — 0, n — oo, that x is a positive solution of (E) which satisfies
x, — 0, n — co. Moreover, due to (3.10), (3.13) and (3.15), we have

pu(=Axy)* < KP Z gX, <m ) KRR, (3.18)
k=n

where

fk_( )ﬁ F={fileSV and m=KA 77,

Since, < a and (3.4) as well as 7 > a and (3.6) imply that 0 + pf < —1, from (3.18) we conclude that D}
n — oo, thatisx € IMB,O. ]

Theorem 3.4. Suppose that p € RV (1), n < a and q € RV (o). If (3.5) holds, then there exists x € My

Proor. Suppose (3.5) holds. Define sequences T = {T,,} and G = {G,} by

o0 © o a7
Yot T a;ﬁz[plkij] st .19)

k=n k=n

Since the first condition from (3.5) implies 0 < —1, application of Theorem 2.9 gives

i(plkiq]J Zklékl l‘, n— oo,
j=k

k=n

(a n 3

so that
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Clearly, G € SV and T € SV. Applying Theorem 2.9-(ii) and using the first condition from (3.5) we get

% v ,
1 a—=p\* o
quTfﬂ ~ a_ ‘8 n' awnGnA ﬁ/ n— oo.
- (0( — 17) a—p a

Thus, by Theorem 2.8, the previous relation gives

) 00 i i
o e e Py

k=n =k (a—m)=F k=n
g
— B\ 3P = B
~ -——1—7—(aaﬁ) 2:(—AGQ-G;ﬁ
(@—m)7
(v/i nr
~ ;a ﬁ n ~Tn, n — oo,
(@-m\ @

Consequently, we conclude that T satisfies the asymptotic relation (3.11).

The rest of the proof is the same as the proof of Theorem 3.3 where X,, is replaced with T,. Then, a
solution x of the equation (E) satisfying « T,, < x, < KT, for large n, is obtained by the application of
Knaster-Tarski fixed point theorem and belongs to the class M. O

Theorem 3.5. Suppose that p € RV (), n > aand q € RV(0). If (3.7) holds, then there exists x € My,
Proor. Suppose (3.7) holds. Using (3.1) and the assumption (3.7), we have that

o o g oo ;
Zq {Z 1/a] (nikoc) Zkﬁqkp;ﬁz(n a) Zk a)kcfk , N — 00,

k=1 k=1

Define sequences Y = {Y,,} and W = {W,,} by

1

= _8 (- B\ s
Wn=2k*1wk5k", Ynz( a ) ( ﬁ) np,"Wy", n>1. (3.20)

n-a a

Note that W € SV and since np,, g =&, : ,wesee that Y € R"V( ) Thus, application of Theorem 2.8
gives

ap B

a \7(a=B\T v -1 -

qu Lo ()T () et
k=n

5 5 & ;

a a—=p a_ a—| -

~ —AW,) - WP

(7)) Lo w

af _a
a a—f a— a—p %
N (’7_9‘) ( a ) Wi, e
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Therefore, Y = {Y,,} satisfies the asymptotic relation (3.11). Then, proceeding exactly as in the proof of
Theorem 3.3, replacing X, with Y, a solution x satisfying ¥ Y,, < x, < K'Y, for large n, is obtained by the

application of Knaster-Tarski fixed point theorem, and belongs to a class M ,. O

Proor or THEOREM 3.2:
(i) Follows from Theorem 3.3-(i) and Theorem 3.4.
(ii) Follows from Theorem 3.3-(ii) and Theorem 3.5. O

3.2. Asymptotic representation of strongly decreasing
RYV-solutions

To simplify the “only if” part of the proof of main results we prove the next two lemmas.

Lemma 3.6. Letp € RV(1), 1 < aand q € RV (o). Forany x € My, NRV(p) with p < 0 only one of the following
two statements holds:

(i) p=0and

1
(04—77)% k=n

X ~ 1gk Wi, n— . (3.21)

k 'k’
Then,itiso=n—a—-1< -1

(ii) p is given by (3.9) and

patly=1 L
[ Pu Gn ] ﬂ, 1 oo, (3.22)
(=p)*(@—n - pa)

Xy ~

Then,itiso <n—a-1.

Proor. Suppose that (E) has a solution x € M, N RV(p) with p < 0, satisfying x, > 0, Ax, < 0 for
n>ng+1 > 2 and expressed with (3.2). Summing (E) for k > n > ng, we get

Pu(—Ax,)" quxk+1,

which yields, using (3.1) and (3.2)
a(—=Axy)* ~ KX, = k‘”P’gwklﬁ n— oo. (3.23)
p q

The fact that xE] = pu(=Ax,)* — 0 as n — oo implies

lim Z k*PPayll = 0,

n—oo

so it must be 0 + pf < —1. We first consider the case o + pf = —1. Then,

(=A%) ~ Z Kol =Q,, n— oo, (3.24)
k=n

where Q = {Q,} € SV and O, — 0, n — co. Consequently

1
Qn @ a 1 1
—Ax,,~(— =n"2&,"Qf, n— oo.

Pn
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Since lim,,—, X, = 0, summing previous relation from n to co, we get

o) 1
()
xn~Zko(ék) , 1o oo, (3.25)

k=n

implying that 1 — 1 < 0i.e. > & which is contradiction, so this case is impossible.
Therefore, o0 + pp < —1. An application of Theorem 2.9-(ii) in (3.23) gives

a+pﬁ+1—r; 1 _1 P

18
o w;;gnala
_Ax, = Bt Onentn , 3.26

* ( Z‘qk"”) (—(c+ pp+ 1)t "o (3.26)

Because x, — 0, n — oo, summing (3.26) from n to co we get

0+p[3+l Ul l é_ Z 15
~ Z O n— . (3.27)
(~(o +pp+ 1)+
From the last relation we conclude that it must be (0 + p+1-17)/a < —1, so we distinguish two possibilities:
+pf+1- +pp+1-
@) Gpﬁa—” --1, (b W <-1. (3.28)

If (a) holds, then 0 + pf + 1 = n — a. From (3.27), we get that (3.21) holds, and according to Theorem
2.9-(iii), x € SV. Thus, p = 0 and (a) implies that ¢ = 1 — a — 1. On the other hand, if (b) holds, from (3.27),
by Theorem 2.9-(ii), we obtain

1
7(”/4;; 1 +1 a la

Xy ~ , h— oo, (3.29)
(—(0 + pB + 1))5(—% 1)
Thus it must be
_o+pp+l-n
B a

+1, (3.30)

implying that the regularity index of x is given by (3.9). Combined this with the assumption p < 0, we get
that 0 < n —a — 1. Moreover, using (3.9) i.e. (3.30), we obtain

o+pB+1-n
a

(-0 + pB+ )} (- ~1) = (@1 pap))", 631

and
a+pp+1-, _1 1 B
n= ]“én a)nl“ —( “+1p;1qn) x5 (3.32)
Then, from (3.29) we obtain that the asymptotic representation of x is given by (3.22). O

Lemma3.7. Let p € RV(n), n > a and q € RV(0). For any x € My, N RV (p) with p < =1 only one of the
following two statements holds:

1 and

(i) p= —

=1 ;(Zk 1wklﬁ) o (3.33)

-

xn~

The11,1'tz’sc7=[§17 -1

(ii) p is given by (3.9) and (3.22) holds. Then, it is o < f % -1
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Proor. Suppose that (E) has a solution x € M;, N RV(p) with p < =, satisfying x, > 0, Ax, < 0 for
n > ng+1 > 2 and expressed with (3.2). Using (3 1) and (3.2) we have (3 23) As in the proof of previous
lemma, the fact that x/ = p,(Ax,)* = 0asn — o implies that o + pf < -1.
If 0 + pp = —1, then as in the proof of previous lemma we get (3.25), where Q, is given in (3.24). Using
that 1) > a, application of Theorem (2.9)-(ii) in (3.25) gives (3.33). Thus, p = =, implying that 0 = p == — 1.
Next we consider the case 0+ pf < —1. Anapplication of Theorem 2.9- (11) in (3.23) give us (3.27) implying
as previously two possibilities (a) or (b) in (3.28). However, the case (a) is not possible, because o + pff < -1
implies
_otpprl-n _ n
a a
which is a contradiction with 7 > a. Thus, only (b) in (3.28) can be valid and so from (3.27), as previously, we
obtain that p is given by (3.9) and x satisfies (3.22). Since, p < = from (3.9) we conclude that o < ﬁ 1_p-1.
[m]

7

Now, we are in a position to prove the main results.

Theorem 3.8. Suppose that p € RV(n) and g € RV (o).

(i) Let n < a. Equation (E) possesses regularly varying solutions x of index p < 0 if and only if (3.4) holds.

(ii) Let ) > a. Equation (E) possesses regularly varying solutions x of index p < =L if and only if (3.6).

In both cases p is given by (3.9) and the asymptotic behavior of any such solution x is governed by the unique
formula (3.22).

Proor. The “only if” part: Suppose that 1 < @ and x € RV(p) with p < 0. According to Theorem 2.7-(v)
and (vi), x € M~ and lim,—, x,, = 0. It is easy to prove (see [6, Lemma 3]) that if S = oo, then for any solution
in the class M, it holds lim,,_,e x,[!! = 0. Thus, x € Mg ;- Then, it is clear that only the case (ii) of Lemma
3.6 is admissible for x. Thus, the regularity index of X 1s glven by (3.9) and o satisfies (3.4).
Suppose that 77 > a and x € RV(p) with p < =, Since p < 0 as previously we conclude that x € M.
Therewith, in view of (3.3), by Theorem 2.7-(vi) we get
Xn n-a

. —an 1
Iim — = lim n®" = [, &2 =0,
n—oo T, 104 n—oo

implying that x € M. It is clear that only the case (ii) of Lemma 3.7 is admissible for x, implying that the
regularity index of x 1s given by (3.9) and that (3.6) holds.

From Lemmas 3.6 and 3.7 we obtain that the asymptotic representation of regularly varying solution x
of index p is given by (3.22) in each of two cases (i) and (ii).

The “if” part: We perform the simultaneous proof for both of the cases. From Theorem 3.3 follows the
existence of a solution x € My ,- It remains to prove that x satisfying (3.15) and (3.17) is a regularly varying
sequence of index p. From (3.15) we have

0< hmmf— < 11msup— < 00,

n—eo n n—oo n

where X, is given by (3.8). Application of Lemma 1.2, using (3.11) and (3.17), yields
1y o p o\
- (]ﬂ_k Zk:n quk+1)

. Xn .. Ax, ..
L = limsup — <limsu = limsu
n—oo p Xn n—oo p AXTI n—oo p Z 1/01
k=n k k+1
I 1/a 1/

< |i Zk n qullirl . _q”xiﬂ
< imsup ————— <|limsup —

n—o0 Zk . qk k+1 n—00 —ann+1

X pla B

< (lim sup Az ) =La.

n—00 n+1
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Since $ < a, from above we conclude that

0<L<1. (3.34)
Similarly, we can see that I = liminf,,_,. x,,/X, satisfies

1<I<oco. (3.35)

From (3.34) and (3.35) we obtain that I = L = 1, which means that x,, ~ X,;, n — co and ensures that x is a
regularly varying solution of (E) with requested regularity index and the asymptotic representation given
by (3.22). O

Theorem 3.9. Suppose that p € RV (1)), n < a and g € RV(0). There exists x € M, N ntr — SV if and only if
(3.5) holds. All such solutions of (E) enjoy the precise asymptotic formula

o N k=
a;ﬁz{plkij] , 1> . (3.36)

k=n j=k

Xy ~

Proor. The “only if” part: Suppose that x € M, , Nntr —SV. Then, clearly only the statement (i) of Lemma
3.6 could hold. Therefore, p = 0, 0 = n—a — 1 and x satisfies (3.21). Then, since o < —1, application of
Theorem 2.9 gives

i(,}kiqu” - T ik_lffﬁwk%/ n— e, (3.37)
i =n

where we used that 0 + 1 = @ — 1. Denote

= _1 1 f
=) kg Tl (3.38)
k=n
From Theorem 2.9-(iii) clearly z = {z,} € SV and (3.21) becomes
Xy =1, ~ Zn —, 1 — oo, (3.39)
(@ —n)«

From (3.38) and (3.39) we obtain the asymptotic relation

1 1

B -1c7a, ,a

z,  (=Azy,) ~ m, n — oo. (3.40)

(@ —mn)

By (3.39), we have that z, — 0, n — oo and clearly {z,} is strictly decreasing. Summing (3.40) from 7 to oo,
using Theorem 2.8 and (3.37), we obtain

a -t I TR A 1 .
I~ ) e~
a=p (a—n)fﬂ; (a—n)wz;f

[Plk Z qj] , N — 0o, (3.41)

_E
Because 1 — g >0, zi * — 0,n — 00,50 (3.41) yields that the second condition in (3.5) is satisfied as well as
that the asymptotic expression for x is
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when 1 — oo. This completes the “only if” part of the proof of Theorem 3.9.

The “if” part: From Theorem 3.4 we have the existence of a solution x € M, ,. In the same way as in the
proof of Theorem 3.8, replacing X, with T}, given by (3.19) and with the apphcat1on of Lemma 1.2 we obtain
that x, ~ T, n — oo, implying that such a solution is slowly varying and enjoys the precise asymptotic
behavior (3.36). O

Theorem 3.10. Suppose that p € RV(n), n > aand q € RV (0). There exists x € My, N 7€(V( ) if and only if
(3.7) holds. All such solutions of (E) enjoy the precise asymptotic behaviour

a-— & [ _Eﬁ
W~@HG:%)”W{ZWWﬁ]r”*“- (342
k=n

Proor. The “only if” part: Suppose that x € M, N ‘R(V(%). Then, clearly only the statement (i) of Lemma
3.7 could hold. Therefore, p = ?, o= g n— B —1 and x satisfies (3.33). From (3.2) and (3.33) we get

a

I, ~

1
i, oo, (3.43)

where Q,, is given in (3.24). From (3.24), we conclude that ) € SV, ), — 0 as n — oo and {Q,,} is strictly
decreasing. We transform (3.43) into the asymptotic relation for

8 B 8 p s
Q7 AQ, ~—( a ) nlw, &, " = —( a4 ) nPaup,, 1 — oo, (3.44)
n-a n-a

Summing (3.44) from 7 to co and using Theorem 2.8 we obtain

«a 1-£ a
Q, «~
o=

_B
Because Q}, * — 0asn — oo, (3.45) yields that the second condition in (3.7) is satisfied. The asymptotic
expression (3.33) for x becomes

B s
a) ;kﬁqkpk“, n— oo, (3.45)

.
a—p

a M _1 a ap _ila-p = _B
~ x a a a ﬁ a
Xn 77—0‘ & Q (77_0‘) npn[ " ;qupk] , 1 — oo,

This completes the “only if” part of the proof of Theorem 3.10.

The “if” part: From Theorem 3.5 we obtain the existence of a solution x € M, while application of Lemma
1.2 as in the proof of Theorem 3.8, with Y, instead of X,,, where Y,, 1s given by (3.20), proves that x, ~ Yy,

n — oo, so that such a solution is in fact a RV —solution of index =, with the precise asymptotic behavior
given by (3.42). O

4. Corollaries and examples

In the previous section, we have shown that the existence of strongly decreasing RV —solutions for the
equation (E) with RV coefficients is fully characterized by the assumption I < oo if S = oo and by the
assumption | < oo if S < co. In fact, the following corollary holds.

Corollary 4.1. Suppose that p € RV(n), n # a and q € RV (0).
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(i) Let S = oo. Equation (E) has strongly decreasing RV-solutions if and only if I < oo.
(ii) Let S < oo. Equation (E) has strongly decreasing RV-solutions if and only if | < co.

2767

Moreover, if S = oo, then | = o0 so by Theorem 1.1 M, = 0. Otherwise, if S < co, denoting the series

oo
Q = Y124 9k, we have two cases:

(@) If Q =00, then I = oo, soby Theorem 1.1 we have M~ = M, i.e. My = 0.
(b) If Q < oo, then I < oo, soby Theorem 1.1 we have M™ = M; U M.

Using conclusions from the previous corollary and Theorem 1.1, we get the next two corollaries where

we will use the following symbols:
* R denote the set of all regularly varying solutions,
* R~ denote the set of all decreasing regularly varying solutions,
+ Ry =RNM.
* Ry =RNM,.

Corollary 4.2. Suppose that p € RV(n), g € RV(0) and S = oo. Then,

+a+1-
R :ntr—SfVUR(v(w)uM,;
a-p
if and only if I < co.
Corollary 4.3. Suppose that p € RV(n)), g € RV (0) and S < oco. Then,
(i) Ifo < —=loro=-1and Q < oo, then
B c+a+1l-n7q _ -
R :.R(V(a—_‘B)UMO,lUMB'
(ii) Ifa:—landQ:ooor—l<o<%—ﬁ—l,then
B N o+a+l-nq 3
R :RO :RV(T)UMO,I'

(iii) Ifo =2 — B —1and J < oo, then

- _ a—1 -
R =Ry =RV () umg,
(iv) Ifaz%—ﬁ—landlzooora>’%— —1, then
R™=0.

Example 4.4. Consider the difference equation

7’1” 3 nn_7(Pn 3
= &Y, >
A (log n (Axﬂ) ) 10g5 n er—l 7 n=z 1/

where ¢, is a positive real-value sequence such that lim,_,. ¢, = 0 and 1 # 3. In this equation,a =3, = =

{pn} € RV(n) and {g,} € RV (0), where o =n -7.

4.1)

3
2/
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(i) Suppose that 1 < 3. In this case
o=n-7<n-4=n-a-1,

so in view of Theorem 3.8-(i) and Theorem 1.1 this equation has a strongly decreasing RV-solution of index
p < 0as well as a solution in M = tr — SV. More precisely, by Theorem 3.8-(i) equation (4.1) has a strongly
decreasing solution which belongs to RV(-2). That solution has asymptotic behavior

" (8(96— n))3 2 (og ™, m > oo, 4.2)
If
n’(n+1)3 9 o(n+1Y!
Pn = (log n)* (log(n + 1) ((log n) ¢, — (log(n + 1)) (T) ¢n+1) , (4.3)
where

|1 1 logn 3’
Yn = E_(n+1)2(1og(n+1)) ’

then 6 = 8(9 — 1)) and the considered equation has an exact solution 172 (log n)‘g.
(ii) For n € (3,9) we have thatn > aand o =n -7 < % = ’i—” —p —1, so in view of Theorem 3.8-(ii) the
equation (4.1) has a strongly decreasing solution which belongs to RV(-2) and satisfies (4.2). This equation

also possess a solution which belongs to a class M .

P _ p—1and ] < co. By Theorem 3.10 the equation (4.1) has a solution

a
x € RV - g) = RV(-2) and any such solution x has the asymptotic representation

Xp ~ (%)g n_z(logrz)é(ik‘l(logk)‘g]3

k=n

(iii) Let n = 9. Then, 0 = 2 =

2 2 2
0N L, : 2\ g _ LAY >
(16) n2(log ) (7) (log 1) _(56) (nlogn)2, n— o,
where we used that

Zk—l(logk)—%~ f x(logx) 2dx, n— oo.
k=n n

If
(n + 1)3(log(n + 1))(log n)°

Pn = ) (Xn = Xn+1),

where

3 2y3
_on 1— nlogn
A= (logn)7( ((n+l)log(n+1))] '
then lim,,—,« ¢ = 56 and x,, = (n logn)~2 is an exact solution of the equation (4.1).

(ivyIfn>9,theno =n-7 > % = ﬁa—” — B —1so ] = co. Therefore, by Corollary 4.1 the equation (4.1)
does not have decreasing regularly varying solutions.

Example 4.5. Consider the difference equation

n-3
A(=n" logn (Ax,) = ——P1 ey, n>1, (4.4)

- (log n)19/6
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where ¢, is a positive real-value sequence such that lim, . ¢, = 6 and n # 2. Here, p, = n" 4/logn, and
gn =13 @, (logn)™%, so p € RV(n)) and g € RV(0), wherec =n-3=n—-a-1.
Let 7 < 2 = a. Using that

© (1 & i )
Z‘ P_k]z‘q] Z\/ 1 k(logk)!1/6 <00, n— 0o,

=n

by Theorem 3.10 the equation (4.4) has a nontrivial slowly varying solution and any such solution x has the
asymptotic representation

6 5 -1
Xy ~ T’l “(logn)™, n— co.

2
If
0 =n3( logn )169 (log 1> _(n+1)’7 log 12 >
! log(n+1)) |(ogn)idogn+1)t \ n /) \log(n+2)) |’
then 6 = 2 — 1 and considered equation has an exact solution x, = (logn)™!, x € ntr - SV.
Notice that in the case 1 > 2 = a, since 0 > & — B — 1, using Corollary 4.3, we conclude that R~ = 0.
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